Abstract. Dispersed submicroscopic magnetic particles were used to probe viscoelasticity for cytoplasm and purified components of cytoplasm. An externally applied magnetic field exerted force on particles in cells, in filamentous actin (F-actin) solutions, or in F-actin gels formed by the addition of the actin gelation factor, actin-binding protein (ABP). The particle response to magnetic torque can be related to the viscoelastic properties of the fluids. We compared data obtained on F-actin by the magnetic particle method with data obtained on F-actin by means of a sliding plane viscoelastometer. F-actin solutions had a significant elasticity, which increased by 20-fold when gels were formed by ABP addition. Both methods gave consistent results, but the dispersed magnetic particles indicated quantitatively greater rigidity than the viscoelastometer (two and six times greater for F-actin solutions and for F-actin plus ABP gels, respectively). These differences may be due to the fact that, compared with traditional microrheometers, dispersed particle measurements are less affected by long-range heterogeneity or domain-like structure. The magnetometric method was used to examine the mechanical properties of cytoplasm within intact macrophages; the application of the same magnetometric technique to both cells and well-defined, purified protein systems is a first step toward interpreting the results obtained for living cells in molecular terms. The magnetic particle probe system is an effective nonoptical technique for determining the motile and mechanical properties of cells in vitro and in vivo.
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C
YTOPLASM has the capacity to both generate motion and resist deformation. However, surprisingly little is known about the mechanical factors involved in cell spreading, locomotion, phagocytosis, organelle movement, and division. Cytoplasmic motion in macrophages has been tracked using incorporated magnetic particles, which respond both to endogenous cytoplasmic forces and to externally applied magnetic fields (Valberg and Albertini, 1985) . These particles can convey information magnetometrically on the rate of cytoplasmic motion, on the non-Newtonian viscosity of cytoplasm, and on the elasticity of cytoplasm (Valberg and Albertini, 1985; Nemoto et al., 1989) . Recent attention has been focused on the relation of intracellular motility to the viscoelastic properties of purified F-actin and microtubule suspensions (Buxbaum et al., 1987) .
The properties of a number of the structural and forcegenerating proteins of the cortical cytoplasm have been recently reviewed (Elson, 1988; Stossel, 1988) . One important constituent of the cortical cytoplasm that is ubiquitously present in motile cells is the microfilament system, which consists of filamentous actin (F-actin). F-actin is a linear polymer that can be cross-linked by a 540-kD molecular mass protein known as actin binding protein (ABP). ~ ABP, which is related in structure to a smooth muscle protein called filamen, gels F-actin by binding filaments together into orthogonally branched structures (Hartwig and Shevlin, 1986) . A complete understanding of how F-actin structure contributes to its mechanical properties is presently unavailable. However, the mechanical properties of F-actin at different filament lengths and protein concentrations has been measured by a number of rheologic techniques and found generally to conform to a few simple principles of polymer physics. For example, the modulus of rigidity of actin solutions is approximately that expected for a system of entangled, stiff rods (Zaner and Hartwig, 1988) . However, other data suggest that there are filament-filament interactions that must be taken into account in addition to the topological effect of entanglements (Sato et al., 1985; Buxbaum et al., 1987; Cortese and Frieden, 1988) .
To better understand in molecular terms the rheologic information obtained from intact cells by the magnetic particle method (Valberg and Feldman, 1987; Valberg and Butler, 1987) , we used magnetometry to measure the mechanical properties of F-actin solutions and gels formed by crosslinking F-actin with ABP. A particular advantage of the magnetic particle approach is that, in contrast to conventional rheologic methods, which are "bulk" measurements, the magnetic particle method probes rheology at the "microscopic" level.
The central idea was to magnetically monitor the movement of particles enmeshed in F-actin. Proteins and other cell components are not ferromagnetic, but tiny ferromagnetic crystals can be introduced as probe particles. Such particles can be magnetically aligned by application of a strong magnetic field, and particle rotation can be followed magnetometrically by measuring changes in the particles' remanent magnetic field (RMF). The magnitude of the RMF and its time course after magnetization depend, respectively, on the quantity of magnetic material present and on the degree of particle motion. A torque can be applied to magnetic particles by external fields, and the rate of particle rotation in response to this torque measures the apparent viscoelasticity of the medium surrounding the particles (Valberg and Butler, 1987) .
Materials and Methods

F-Actin Preparation
Actin was purified using the method of Spudich and Watt (1971) from an acetone powder of rabbit skeletal muscle. Purified actin was stored in the depolymerized form in buffer A (2 mM "Iris, 0.2 mM CaCI2, 0.5 mM ATE 0.5 mM Eagle's basal medium, pH 7.5) at 4°C and was used within 4 d of purification. ABP was purified from rabbit lung macrophages by the method of Hanwig and Stossel (1981) . G-actin was prepared in concentrations ranging from 2 to 8 mg/ml. G-actin, with or without ABE was allowed to polymerize for 2 h in the presence of magnetic iron oxide panicles (7-Fe203) at a concentration of 50 ttg/ml. When ABP was added, the molar ratio of ABP to actin monomer was 1:200. After protein mixture preparation and magnetic panicle dispersal, we adjusted the salt concentration to 2 mM MgCI2 and 0.1 mM KCI.
Magnetic micropanicles were generated in aerosol form by controlled combustion of iron pentacarbonyl vapors (Valberg and Brain, 1979) . About 3 mg -r-Fe203 was collected on each of 10 filters for later dispersion into test fluids. Using an electrostatic point-to-plane precipitator, we collected panicles onto carbon-coated copper grids and shadowed them for examination by electron microscopy. Panicles were suspended in a series of Newtonian viscosity standards (dimethylpolysiloxane fluids); both relaxation and forced rotation were measured in viscosity standards so that the magnetic torque acting on the panicles could be calibrated.
Viscoelastometer Measurements
The viscoelastometer uses a 0.001-inch-thick mica plate moving at a slow rate through a cuvette containing a small sample volume. The mica plate is mounted on the end of a pendulum that is suspended from a knife edge; motion is generated by sinusoidally tilting the table supporting the viscoelastometer. The component of gravitational force acting to keep the pendulum hanging vertically causes the mica plate to generate an oscillatory shear stress in the sample volume. The resulting movement of the pendulum is electronically sensed and is used to calculate the strain (Zaner et al., 1981) .
Compliance and viscosity were measured by viscoelastometer on F-actin and F-actin plus ABP samples. Samples with and without embedded magnetic microparticles were compared. The viscoelastometer measurements were interpreted in terms of compliance, modulus of rigidity, and viscosity, as has been previously described (Zaner and Stossel, 1983; Zaner, 1986) . No significant differences in rheological properties were found between the F-actin gel with and without iron oxide panicles.
Magnetometry
After viscous fluids or F-actin gels had been prepared with dispersed magnetic microparticles, the following observations were made. The magnetic directions of panicles were aligned (using a pulsed magnetic field of 93 millitesla [930 gauss]) so that the panicles produced a weak magnetic field, the RME The RMF magnitude was typically 3 nanotesla (30 microgauss) and was measured in a magnetically shielded apparatus with four fluxgate detectors (Valberg and Butler, 1987) . The magnitude of the initial RMF is proportional to the quantity of magnetic material. The magnetization of each panicle is permanent, but any rotation of the fluid-suspended panicles reorients their magnetization directions. The fluxgate detectors are sensitive to the vector component of the RMF that is parallel to the initial direction of magnetization, and the result of any panicle reorientation is that the net RMF sensed at the detector decreases.
An RMF decrease for particles in test solutions can result either from random, independent motions of each panicle, driven by thermal energy (called relaxation), or from the action of an applied magnetic field, which rotates panicles in unison (called twisting; note Eq. 2 below). The direction of the twisting field was perpendicular to the direction of panicle initial magnetization, and the magnetic torque created acted to rotate panicles into alignment with the direction of this applied field. The applied magnetic field is homogeneous and exerts no translational force on the magnetic panicles, only a torsional force. Monitoring the RMF decrease from magnetic iron oxide panicles can be used to quantify particle diffusive motion and panicle rotation rate in response to a known torque. These particle motions are related to the viscoelasticity of the medium trapping the particles. Both particle relaxation and particle twist were measured in viscosity standards so that the magnetic torque acting on the panicles could be calibrated. For magnetic particles, the torque is proportional to the strength of the twisting field, but rotation of the panicles is opposed by the viscosity of the suspending fluid. When the twisting field is first applied, it lies perpendicular to the particle magnetic moments, and the magnitude of the torque is largest. As particles begin to rotate toward the applied field, torque falls off, reaching zero when panicle magnetic moments and twisting field are parallel. Hence, the maximum particle rotation that can result from torque application is one quarter of a turn or 90*. The RMF decay curve generated for particles in viscous standards provides a means of calculating the stress that panicles are applying to their environment as a function of panicle magnetic orientation relative to the twisting field.
For the F-actin gels, the magnitude of the applied twisting field ranged from 0 to 30 gauss; this magnetic field is too small to change the intrinsic magnetization of individual particles imparted by the highfield (930 gauss) pulse. The sample temperature was maintained at 25°C, and the RMF from particles enmeshed in the F-actin gel was first recorded in the presence of zero applied field. The twisting field was then turned on and off for l-min periods. The rate at which panicles reoriented toward the twisting field and then recoiled was recorded over 5 min. The particle rotation is opposed by both viscous and elastic forces arising from the F-actin gel, and the RMF data were analyzed to provide an estimate of apparent viscosity and elasticity.
Lung Macrophages
Hamster lung macrophages were obtained by lung lavage from animals that had breathed magnetic iron oxide aerosol 24-48 h previously (Valberg and Albertini, 1985) . Because the aerosol inhalation had delivered particles to the surfaces of lung alveoli, the harvested cells contained submicrometric magnetic iron oxide panicles within phagosomes and phagolysosomes. During magnetometry measurements, macrophages were maintained at 37°C in culture medium, adhered to the bottom of glass vials, and oxygenated. The intracellular particles were magnetized, and both their spontaneous motion and their motion in response to external magnetic torque were recorded magnetometrically.
Results
Particle Incorporation
The appearance of the magnetic particles was crystalline, with individual units •0.2 #m in diameter and with agglomerates in chains "~0.5 #m long (Fig. 1 ). Average particle physical diameter was 0.34 #m, and diameter distribution was lognormal with a geometric standard deviation of 1.25. Light microscopy showed the particles to be uniformly dispersed throughout the actin solutions; there was no indication of particle sedimentation over 2 d after gel formation even though the particle density was 4.6 g/cm 3. It can be estimated that particle entrapment was quite efficient. For example, at an actin concentration of 6 mg/ml, there is a total length of "~2 x 10 ~° cm of filaments/ml of gel; this results in an intertilament separation of <0.1 #m, which corre- Figure 1 . Electron micrograph of -t-Fe203 particles collected by electrostatic precipitation onto a carbon-coated grid from the aerosol. The grid was shadowed at 70 ° with gold-palladium and examined with an electron microscope (300; Philips Electronic Instruments, Inc., Mahwah, NJ). A calibration grating (54,860 lines per inch) was photographed at the same magnification to provide the length scale on the left (0.463 #m). The particles can be seen to consist of individual units ,,o0.2 #m in diameter with agglomerates in chains ,00.5 #m long.
sponds to a "pore size" of --0.14 #m. Magnetic particle volume was ,,o0.001% of gel volume.
Magnetometric Studies of Viscosity Standards
Particle rotation in a 1,000-poise viscosity standard is shown in Fig. 2 A. The vertical axis gives the magnitude of the measured RMF; also shown are the correspondence of the vertical axis to the angle of particle rotation in degrees and to the stress being applied to the particles (dyne/cm2). Since this is an inertialess situation (Reynolds number of ~10-4), magnetic torque (~) and shear stress (~wV) are always in balance 01 is viscosity, o~ is rotation rate, and V is particle volume). The mathematical form of this curve has been analyzed previously (Valberg and Butler, 1987) . If Br(t) is the RMF at time t and B~ is the initial RMF, these are related t o 0 b y
where 0 is the orientation of the magnetic axis of the particles relative to the twisting field. At t = 0, 0 is 90 ° and then decreases towards zero. 0 is related to time by (Valberg and Butler, 1987) In
where ~ is the viscosity of the dispersing fluid and c is the magnitude of the stress applied by the twisting field at t = 0. Particle rotation is independent of particle diameter because both the twisting force applied to the particles and the viscoelastic resistance offered by the fluid vary as the cube of particle diameter (see Valberg and Butler, 1987) . Fig. 2 B shows a plot of In tan (0/2) vs. t, which should produce a straight line with slope c/~. Knowing that the viscosity of the fluid is 1,000 poise, we can calculate that c = 10.9 dyne/ cm 2. The small deviations of plotted points from a straight line are likely due to the presence of a small fraction of particles whose geometry deviates quite significantly from spherical. The relaxation due to Brownian motions of magnetic particles suspended in viscous fluid is given by (Nemoto, 1982) Br(t) = e -x',
where ~, = 2kT/r~/3 (k is the Boltzmann constant, T is the absolute temperature, ~/is the fluid viscosity, and d is the particle diameter). From the relaxation curve in Fig. 2 A, we can estimate )~ and calculate that average particle hydrodynamic diameter was 0.61 #m. Fig. 2 C illustrates the behavior of the RMF when the twisting field was turned on and off. The viscosity standards exhibited no recoil upon release of stress.
Magnetometric Studies of Actin Systems
The time course of the RMF for magnetic particles dispersed in solutions having F-actin concentrations of 11.1, 5.5, and 2.2 mg/ml is shown in Fig. 3 . The upper curves are the decay of the RMF in the absence of a twisting field and, thus, represent Brownian movement of the particles. The decay rate increases as the concentration of F-actin decreases. Brownian movement of the magnetic particles is very evident at the lower F-actin concentrations, and, at 11.1 mg/ml, the "'" 8.7
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"'" 6.55 50 decay rate is small, but definitely present. To examine the response of the system to an applied stress, a 5-gauss twisting field was applied to the sample in 30-s on and off cycles. The lower curves illustrate the results. It should be remembered that as the particles ram away from their original perpendicular orientation to the twisting field (0 = 90*) the torque applied to the particles falls off as the function (sin 0). In contrast, as the particles turn away from their original equilibrium orientation in the gel, elastic restoring force increases with increasing rotation. Upon application of the twist field, the particles quickly rotated through an angle of,~78 ° for the 11.1 mg/ml F-actin sample and through 'x,84 ° for the 5.5 and 2.2 mg/ml samples. The initial rate at which the particles twisted was much more rapid than for the viscous standard depicted in Fig. 2 A. However, when the stress was released, the particle orientation recovered; the viscosity standards exhibited no recovery upon release of stress (Fig. 2 C) . After completion of the first on and off cycle, the magnetization vector remained rotated by •53, 63, and 69 ° for the 11.1, 5.5, and 2.2 mg/ml samples, respectively. Subsequent cycles of stress and release showed almost complete recovery of strain.
Fig~ 4 A shows RMF curves for two different twisting field strengths applied in l-rain on and off cycles. When a 3-gauss twist is used, there is a 30 ° rotation after which there is almost complete recovery to the unperturbed decay level. The 6-gauss twist results in 48 ° rotation and less complete recovery. If the balance between elastic restoring force and magnetic torque isjudged from the elastic recoil component in the curves for 3-and 6-gauss twisting fields, then the F-actin solution appears nearly linear. That is, the ratio of the torques being exerted at the point where the bmin twist ends is nearly equal to the ratio of the angles through which the particles subsequently recoil. Fig. 4 B illustrates the result of twist applieafion and release over a much longer time interval, (i.e., 5 rain), particle rotation continues at a slow rate both in the twist and in the recoil phases. The flatness of the curve in the recoil phase reflects the competing effects of recoil (moving the curve upward) and relaxation (moving the curve downward). It suggests that the gel could be modeled by a Maxwell element in parallel with a spring.
The mechanical properties of F-actin over a range of strains is shown in Fig. 5 A. As the magnetic field-generated twisting force increased from 1.5 to 30 gauss, there was a progressive increase in the movement of the particles. In addition, the amount of strain recovery over 60 s after release of stress progressively decreased. However, a subsequent sequence of progressively increasing twisting pulses yielded nearly superimposable results. The data show that the viscoelastic behavior of this system was linear, or, in other words, the twisting of particles was not irreversibly disrupting the F-actin structure. This is further supported by the fact that a second relaxation measurement, made by remagnetizing the particles, was unchanged from the relaxation measured before the particle twisting protocol; thus, particle diffusion in the F-actin was not being enhanced by the twisting motions.
Upon application of stress, strain rate was initially rapid but then slowed. A time interval of 60 s was chosen because the majority of strain time dependence appeared to occur over this interval. The %ecant modulus at 60 s~' G~0, defined as the stress-to-strain ratio at 60 s, is shown in Table I ; Gt0 is approximately equal to G'(w), the dynamic storage modulus, at ~/2a" = 2 x 10 -3 Hz. Fig. 5 B plots the relationship between stress and strain, as calculated from the data such as that in Fig. 5 A. The curve obtained has constant slope and extrapolates through the origin. The modulus falls only slightly over the range of twisting strengths examined, and the second set of measurements is close to the first. It is also of note that the rigidities obtained by this technique are within a factor of two of previously reported values using other, more conventional techniques (Zaner and Stossel, 1983) . The compliance, J(t), of F-actin, calculated to be the strainto-stress ratio, is shown Fig. 6 A as a function of duration of twist application. The compliance increases linearly with time at two different twisting values. Since the linear part of the compliance curve is proportional to t/% the viscosity, ~, can be calculated from this curve and is found to be 2,000 poise at a shear rate of 0.0025/s. This value is also in reasonable agreement with previously reported values (Zaner and Stossel, 1983) . The effect of ABP on F-actin, at a molar ratio of ABP to actin of 1:200, is shown in Fig. 7 A; the twisting field for both RMF curves was 30 gauss. Equivalent concentrations of F-actin (4 mg/ml) with and without ABP are shown in the upper and lower RMF curves, respectively. At a twisting field of 6 gauss, the particle movement was barely evident in the RMF curve of F-actin plus ABP on the scale of this graph, but it is plotted in Fig. 7 B at a tenfold increased vertical scale. The particle movement was <10 °, and there was complete recovery of strain after release of stress. The overall downward direction of the time course reflects the greatly magnified effect of Brownian motion (relaxation) of the particles for the scale on this figure. The G~0 is "~116 dyne/cmL At the larger stress (30 gauss; Fig. 7 A) , there was a larger displacement of the particles, but again a complete recovery of strain. The calculated G~o is higher than at the lower strain and is '~153 dyne/cm 2. The compliance of the ABP plus actin mixture calculated from the data in Fig. 7 A is also shown in Fig. 6 A. It should be noted that the compliance is time independent over the course of the twist and, at the end of 60 s, is nearly 20-fold lower than the actin control. Thus, addition of ABP increased the apparent rigidity by a factor of ,x J20. For comparison, the compliance of aliquots of the actin and the actin plus ABP samples measured by the viscoelastometer is shown in Fig. 6 B. Similar results were obtained by the two methods for both samples, however, a larger ABPinduced decrease in compliance was indicated by the magnetic particle method. The behavior of actin plus ABP gels, as measured by magnetometry, is qualitatively in good agreement with previously reported values; the magnetic particle approach gives a compliance for actin about a factor of two lower and for actin plus ABP a factor about six lower as compared with viscoelastometry (Zaner, 1986) . Fig. 8 A depicts both relaxation and response to twist of hamster lung macrophages. The RMF curves were generated from ,'~10 s adherent cells containing a total of ,o7 #g of "y-Fe203. The upper curve of Fig. 8 A shows that relaxation for particles in cell vesicles is typically quite rapid, reflecting active biochemical processes moving and rotating cell organdies (Valberg, 1984) . The lower curve shows the result of applying the same twist protocol to the macrophages as was used for F-actin gels; the field used was 25 gauss. Comparing this result with Fig. 7 A shows that the elasticity of the cytoplasm would be better approximated by an F-actin plus ABP gel than an F-actin solution. From the RMF curve, we can calculate that, at a shear rate of 0.O05/s, the apparent viscosity of the cytoplasm is 25,000 poise, in agreement with values previously reported (Valberg and Feldman, 1987) . A closer comparison of F-actin plus ABP and macrophage cytoplasm is provided in Fig. 8 B. These curves result from dividing the respective twist curves by their respective relaxation curves to produce a normalized curve representing the result of "twist only: The assumption made here is that relaxation and twist processes occur simultaneously but indepen- dently. That is, if the two processes are represented in the differential equation for particle motion as two separate terms summed together, then the solution to that equation of motion will consist of two functions multiplied together. This cannot be rigorously true but does provide a semiquantitative basis for comparing the two results. The curves suggest that cytoplasmic rigidity is comparable with but somewhat less than F-actin (4 mg/ml) plus ABP in a 1:200 molar ratio. Viscous losses also appear to play a greater part in cytoplasm in that consistently less of the particle orientation is recovered upon release of the twist. Finally, in cytoplasm, there appears to be a transition between a fast and a slow component to the twist and recoil responses, as indicated in two cases by the arrowheads. The fast component may represent a more compliant component of cytoskeletal organelle tethering that reaches the limit of its movement after a certain level of stress has been exceeded.
Magnetometric Studies of Hamster Lung Macrophages
Discussion
We applied two separate techniques to equivalent F-actin samples and contrasted the results of a macroscopic linear shear technique vs. a microscopic rotational shear technique; we contrasted a single centrally located "macroscopic source of stress vs. "dispersed" microscopic torsional stress. Interestingly, even though the techniques represent radically different approaches to probing the viscoelasticity of F-actin gels, the results were quite comparable. Thus, the magnetic movement of incorporated particles promises to be of value in elucidating the mechanical properties of purified protein systems. Moreover, the magnetic microparticle technique can be used in situations where physical or optical contact with the sample is not feasible. Viscoelastic properties of cytoplasm play a role in the mechanisms by which living cells maintain and alter their shape. The magnetometric measurement of incorporated ferric oxide particles is one of the few methods devised to measure cytoplasmic mechanical properties. One purpose of the studies reported here was to apply the same method to obtain data from simple model protein systems that approximate the conditions present in cortical cytoplasm (Hartwig and Shevlin, 1986 ); this represents a step toward interpreting the viscoelasticity of living cytoplasm in molecular terms. It suggests further application of magnetic particles to assess how cytoskeletal modification (alteration of the integrity of microfilaments, microtubules, or intermediate filaments) alters the physical consistency of cytoplasm. In addition, the magnetic particle method can be applied to in vivo phenomena (i.e., for cells within the living animal). Our F-actin data showed increasing rate of randomization of particle magnetic orientation with decreasing actin concentration. The fact that the particles undergo Brownian motion in an F-actin solution suggests that the particles are not bound to long actin filaments but, rather, are free to move through the pores between filaments. Addition of ABP does little to alter the rate of relaxation, suggesting that the predominant mechanism of relaxation is diffusion of the particles, which is considerably faster than diffusion of actin illaments.
The application of a magnetic torque to the panicles causes an initial rapid twisting motion. The initial rate of rotation is much faster than that observed in viscous standards and illustrates the fact that the origin of the very high viscosities in actin solutions is a cooperative effect among filaments rather than molecular friction, as is the case for the viscosity of a homogeneous fluid. It should be noted that our results for the viscosity of actin gels and for the viscosity of cytoplasm are much higher than results obtained from the diffusion of molecules through cytoplasm (Mastro et al., 1984; Salmon et al., 1984; Luby-Phelps et al., 1986) . This difference arises because our particles are typically the size of cell organcUes-i.e., much larger than molecules. As Luby-Phelps and colleagues reported, the "open spaces" in cytoplasm are likely <40 nm, and within them solvent viscosity is only about four times that of water (Luby-Phelps et al., 1986) .
F-actin solutions have a significant elastic component, as evidenced by a significant recovery of particle orientation when the magnetic torque is removed. Loss of strain recovery after the first twist cycle may be due to randomization of a small fraction of magnetic particles not large enough to be effectively trapped in the F-actin matrix. The amount of recovered strain decreases for subsequent on and off cycles, which can represent either an alignment of the filaments that cannot relax within the time frame of the measurement or disruption of some actin filament structure. The latter explanation seems less likely than the former since a second series of torques demonstrates the same behavior. Moreover, actin filament solutions, which can be considered as viscoelastic solids on one time scale, may behave as (dissipative) fluids on longer time scales.
The incorporation of ABP into the actin solutions increases the resistance to twist of the particles by more than 20-fold. In addition, there is complete recovery after removal of the magnetic torque. The very high resistance to particle rotation most likely represents the fact that when the filaments are physically cross-linked into a network, movement of the particles cannot occur by rotation of the filaments, but requires bending of the filaments near the cross-link point.
The methods that have been previously used for determining the mechanical properties of F-actin systems have been essentially bulk measurements. The sample is placed between two surfaces, and the displacement or strain of the sample is observed in response to an applied force or stress. The validity of the measurement is based on the assumption that the sample is continuous and homogeneous in the region between the surfaces and that shear occurs uniformly across the sample. In contrast, the magnetic particle method produces a measurement that reflects the local environment of the particle and therefore is a kind of microscopic rheology which should be less affected by long-range heterogeneity or domain-like structure. Magnetic particle results are therefore complementary to more conventional measurements.
It is interesting to consider why the two methods yield quantitatively different results. Recent data suggest that the actin concentration is not completely uniform across a sample but, rather, varies in density within the sample (Cortese and Frieden, 1988) and may undergo phase separation into regions of higher and lower actin concentration (Newman et al, 1989) . The fact that the rigidity of the actin sample is higher by the magnetic particle technique than with a conventional technique implies that the domain of high concentration is large in comparison with the size of the magnetic particles. Although our samples were sonicated to disperse the magnetic particles (subsequent to addition of salt, but before measurement), inhomogeneity in actin concentration may be the result of actin polymerizing in the "shear field" induced by stirring. Our data cannot distinguish between this mechanism and any tendency of undisturbed actin to partition itself into regions of different concentration. Further, the larger discrepancy observed in the presence of ABP implies that the cross-linking increases the heterogeneity of the sample. A possible explanation here is that the ratio of ABP to actin may fix the local concentration of protein. This interpretation is consistent with the increase in the effect of ABP at a fixed ratio to actin, as the protein concentration increases (Zaner, 1986) . One can envision domains of ABP-cross-linked actin networks that progressively coalesce at increasing total protein concentration.
We conclude that the magnetic particles are useful for probing the physical properties of continuous gels as well as of living cytoplasm. The particles can be suspended in gels or can be phagocytized by cells into intracytoplasmic vesicles. Orientation and realignment can be carried out nonoptically in vivo and in vitro. From the RMF curves, diffusion mobility, rigidity, and viscosity can be extracted.
